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Abstract The radiation and ionization energy loss are presented for single arm Monte Carlo simulation for
the GDH sum rule experiment in Hall-A at Jefferson Lab. Radiation and ionization energy loss are discussed for
12
C elastic scattering simulation. The relative momentum ratio ∆p
p
and 12C elastic cross section are compared
without and with radiative energy loss and a reasonable shape is obtained by the simulation. The total energy
loss distribution is obtained, showing a Landau shape for 12C elastic scattering. This simulation work will give
good support for radiation correction analysis of the GDH sum rule experiment.
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1 Introduction
The Gerasimov-Drell-Hearn (GDH) sum rule[1–
3] applied to nuclei relates the total cross section of
circularly polarized photons on a longitudinally po-
larized nucleus to the anomalous magnetic moment
of the nucleus:
∫
∞
thr
(σA(ν,Q
2)−σp(ν,Q
2))
dν
ν
=−4pi2
µ2A
J
(1)
where Q2=−(p−p′)2 is the negative four-momentum
squared of the exchanged photon; p and p′ are the
four-momenta of the incoming and scattering elec-
trons, respectively; σp and σA are the total photo-
absorption cross sections of the nucleus with nuclear
spin J parallel and antiparallel, respectively, to the
photon polarization; and µA = µ − Jqh¯/M is the
anomalous magnetic moment of the nucleus, where
q and M are the charge and mass of the nucleus. The
lower limit is the photo-nuclear disintegration thresh-
old.
In order to obtain precise cross sections from GDH
experiments, radiation correction analysis is impor-
tant. In this article, we will discuss a radiation en-
ergy loss simulation based on the Single Arm Monte
Carlo (SAMC) package for the GDH experiment in
Hall-A at Jefferson Lab.
2 Radiation and Ionization Energy
Loss Simulation by SAMC
SAMC is a Monte Carlo package which simulates
one of the two Hall-A HRS (High Resolution Spec-
trometers) at Jefferson Lab. In this article, we fo-
cus on the Hadron arm (i.e. the left arm in Hall-A).
SAMC works by the following procedure. Firstly, the
kinematic domain illuminated and the region of in-
terest for the analysis are defined in the input files.
Secondly, the relevant variables are randomly drawn
with a uniform distribution. All these variables de-
fine an event. The event undergoes different checks
to see if it reaches the HRS focal plane without be-
ing stopped by the various components within the
spectrometer. If it passes, the event is reconstructed
at the target and stored in the output file. Mean-
while, radiation and ionization energy losses are ap-
plied each time the electron goes through some mate-
rial. Before storing the event, a weight corresponding
to the cross section of the event and an asymmetry
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can be assigned. This option is set on or off using
the input file. Physics can be added into the Monte
Carlo results using this weighting factor (cross sec-
tion effect) or asymmetry. They are both computed
for each event according to its target reconstructed
kinematic quantities. Some physical procedures such
as 12C elastic cross sctions, radiative corrections and
Landau tail for elastic peaks, 3He quasi-elastic cross
sections, asymmetries and external radiation correc-
tions can be processed in this simulation package.
The physics principle of the SAMC package is same
as the general detector simulation toolkit, Geant4.
But the SAMC is more simple, flexible and suitable
for some special simulations of Hall-A at JLab. The
SAMC package has included the forward and back-
ward matrix(Optics of the HRSs) to guide the elec-
tron to go to the detector plane from the target plane
for the HRS. So we can get the simulation results in
the detector plane of HRS in Hall-A at JLab. That
will be more useful and efficient for the data analysis.
The radiation and ionization energy loss are discussed
below[4].
2.1 Radiation Energy Loss
The distribution of incident electron energy loss
due to bremsstrahlung in the Coulombic fields of an
atom depends on frequency [5–7]. The relation be-
tween the energy loss and frequency is expressed as
follows.
d2E=−hν[N ]
dσ(ν,E)
dν
dxdν (2)
where ν is the frequency of radiated photons and [N ]
is the number density of atoms. After integrating
over the entire frequency spectrum of radiated pho-
tons, the energy distribution of the incident electron
can be expressed as follows when it goes through the
material:
dE
E
=−[N ]σraddx→E(x)=E(0)exp(−[N ]σrad(Z)x)
(3)
where the σrad(Z) depends almost solely on the
charge of the nucleus Z when the incident electron
energies are larger than 50 MeV[8–12]. We can make
a assumption that the incident electron can only scat-
ter with one atom at a time in uniform material. Un-
der this assumption, the total energy loss can be ex-
pressed as follows:
E(x)=E(0)exp(−
∑
k
[N ]kσrad(Zk)x) (4)
where k represents different types of atomic iso-
tope. The radiation length of the material, which is
the thickness needed for an electron to lose 1−1/e of
its initial energy. X0 represents the radiation length
in mass per unit “area”:
X0=
A
NAσrad(Z)
(5)
Consequently, the unitless radiation thickness is
defined as:
t=
ρl
X0
(6)
where l is the thickness of the material.
2.2 Ionization Energy Loss
When incident electrons are scattered by atomic
electrons in the material, the struck atom can be ion-
ized. The mean ionization energy loss per unit mass
density per unit thickness is defined as follows[13]:
ï
∆
ρx
ò
=
ï
ξ
ρx
ò[
2log(
pc
I
)−δ(X)+g
]
(7)
ï
ξ
ρx
ò
=
Za
Aβ2
(8)
where ∆ is the mean ionization energy loss; Z is
atomic number; A is the molecular weight of the ma-
terial; p is the electron’s momentum; I is the mean ex-
citation potential of the material; δ(X) is the density
correction [14]; and ξ is the “collisional” thickness.
Since the mean energy loss is given by the Bethe-
Bloch equation and the most probable energy loss is
given by Landau’s energy-loss formula, g can be ex-
pressed in different ways[15]. The density correction
parameters from [16] and [17, 18] are used. The sim-
ulation will base on the above general methods to
calculate the radiation and ionization energy loss.
3 SAMC Simulation Results and Dis-
cussion
In order to run the SAMC simulation, we need
one physical input file, “C12.inp” which contains the
physics parameters and kinematic domain (i.e. illu-
mination area). In this article, we only study 12C
elastic scattering before and after radiative energy
loss. For convenience, the description of radiative en-
ergy loss will include radiation and ionization energy
loss. The main parameters in “C12.inp” are shown in
Table 1.
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Table 1. SAMC Simulation Parameters.
Parameters Value Definition
Ntrail 2000000 Number of events for
the kinematic domain
Ei 1.14876 GeV Beam energy
Ep 1.14875 GeV/c HRS central
momentum setting
thspec −5.99
◦ HRS angle
dppac 5% Relative momentum
∆p
p
dthac 110 mR Vertical angle range
dphac 50 mR Horizontal angle range
spotx 0.00004 m Total rastering size
in horizontal direction
spoty 0.00004 m Total rastering size
in vertical direction
tgtl 0.5 cm Target length
in the z direction
aspin 0◦ Target polarization
inl 0.00247 g/cm2 Thickness of matter
crossed by incoming e−
outl 0.0199 g/cm2 Thickness of matter
crossed by scattered e−
xdi 0.105 g/cm2 Thickness of ionization
for incoming e−
xdo 0.798 g/cm2 Thickness of ionization
for scattered e−
The beam profile is shown in Fig. 1 with a circu-
lar raster pattern. The beam size in both the x and y
directions is 0.004 cm. The energy of incoming elec-
trons is spread due to the beam energy dispersion.
The external bremsstrahlung, ionization and internal
bremsstrahlung are then applied. The beam energy
dispersion is taken as 3×10−5.
Fig. 1. Beam position and size distribution in
simulation.
In this simulation, the code treats elastic scatter-
ing as different from other physics process such as
quasi-elastic scattering, because of the correlation be-
tween the scattering angle and the outgoing electron
momentum. In this case, only the scattering angle is
chosen randomly. The momentum of the scattering
particle is then computed according to the angle, the
mass of the target 12C and the incoming beam energy.
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Fig. 2. Beam relative momemtum ratio ∆p
p
(%)
without (solid line) and with (dashed line) radiative
energy loss at target.
Fig. 2 shows the beam relative momentum ra-
tio ∆p
p
distributions when the beam central momen-
tum is equal to 1.14876 GeV/c. The relative momen-
tum ratio depends on the different momentum set-
tings, and can be tuned by the accelerator. Adjusting
this momentum setting, the solid line shows the rel-
ative momentum ratio without radiative energy loss
at the target, with the peak at −0.615±0.023%; the
dashed line shows the relative momentum ratio with
radiative energy loss at the target, with the peak at
−0.749±0.027%. Obviously, we can see that the ∆p
p
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distribution gets wider after adding the radiative en-
ergy loss procedure.
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Fig. 3. 12C elastic cross section without (solid
line) and with (dashed line) radiative energy loss.
Fig. 3 shows the 12C elastic cross section distribu-
tion. The solid and dashed lines show the distribution
without and with radiative energy loss, respectively.
From the plot, we can see that the two peaks are both
at around 2869 µbarn. The dashed line is a little
lower than the solid line, but goes a little higher than
the solid line when the cross section value increases
due to the radiative energy loss.
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Fig. 4. Total energy loss distribution including
radiation and ionization energy loss.
Fig. 4 shows the total energy loss distribution in-
cluding radiation and ionization energy loss. From
the plot, we can see that the most probable total en-
ergy loss value is around 0.00142±0.00009 GeV. The
curve can be mainly fitted by a Landau distribution.
Fig. 5. 12C elastic cross section vs total energy
loss with radiative energy loss.
Fig. 5 shows a two dimensional distribution of
12C elastic cross section versus total energy loss after
the radiative energy loss procedure. From this plot,
we can see that the cross section value increases when
the total energy loss of particles gets higher, but most
of the events are at lower total energy loss and cross
section value.
The above results are from SAMC simulation for
12C elastic scattering without and with radiative en-
ergy loss. We have included internal radiation (vac-
uum polarization, vertex corrections) energy loss and
external radiation (ionization and bremsstrahlung)
energy loss. These simulation results can be com-
pared with the 12C elastic data of the GDH sum rule
experiment in future. If the simulation results match
the elastic data well, this will show the good state of
the data quality. The radiative corrections take the
general form σexp = (1+ δ)σBorn where the δ repre-
sents the sum of the internal and external radiative
corrections. We can make a comparison between the
data and the physical theory after finishing cross sec-
tion analysis. This simulation work will be helpful for
the above data analysis.
4 Summary
This article studied the radiation and ionization
energy loss based on single arm Monte Carlo simula-
tion for the GDH sum rule experiment in Hall-A at
Jefferson Lab. The radiation and ionization energy
loss were discussed for 12C elastic scattering simula-
tion. The relative momentum ratio ∆p
p
and 12C elastic
cross section were compared without and with radia-
tive energy loss and a reasonable shape was obtained
by the simulation. The total energy loss (including
radiation and ionization) distribution was obtained,
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giving a reasonable distribution with a Landau shape
for 12C elastic scattering. This simulation work will
provide good support for radiation correction analysis
of the GDH sum rule experiment.
We would like to thank J.P. Chen for his sugges-
tions and discussion, and J. Singh and V. Sulkosky
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